Magnetic field regulation is a difficult and long-existing issue in surface-mounted permanent magnet synchronous machines (PMSMs). To produce effective and efficient flux regulation for PMSMs, a new topology, named a dual-structure parallel hybrid excitation machine (DS-PHEM), is presented in this paper. In this machine, the rotating permanent magnet (PM) excitation and stationary DC field excitation are artificially arranged and designed at the inner and outer magnetic circuits, respectively. Therefore, a decoupling and parallel feature is obtained between two excitation sources. This machine integrates the merits of a brushless structure and theoretically infinite constant power range, as well as zero risk of demagnetization. In this paper, the machine configuration is introduced, mainly focusing on some important design criteria for electromagnetic integration, and the operating principles of flux control are also analyzed in detail. To further verify the feasibility of the proposed scheme, the overall electromagnetic performance of the proposed DS-PHEM is evaluated by using the time-stepping finite-element method.
Introduction
Due to their high torque density and high efficiency, permanent magnet synchronous machines (PMSMs) have been widely investigated in recent decades [1] [2] [3] . Nevertheless, in many variable speed applications, such as electric vehicle propulsion, good flux weakening capability and wide constant power speed range are usually required. However, for surface-mounted PMSMs, whose saliency ratio is equal to one, the flux weakening capability is very limited [4] [5] [6] [7] .
The hybrid excitation machine (HEM), which employs both permanent magnet (PM) excitation and field excitation, has become a potential solution to solve the problem of magnetic field regulation [8] [9] [10] . Generally speaking, according to the location of the PM source, there are three typical layouts for HEMs. One is at the rotor side, namely, the rotor-PM-excited HEMs; another is at the stator side, namely, the stator-PM-excited HEMs [11, 12] ; and the third is at both the rotor and stator sides, and thus named the dual-PM-excited HEMs [13, 14] . A review of three solutions is presented as follows.
For rotor-PM-excited HEMs, one simple approach to create a hybrid magnetic circuit uses the brush and slip rings to directly employ the field excitation at the rotor side and interact with the rotating PM excitation. Both series and parallel excited structures have been studied in [15] and [16] . This configuration is relatively simple to be realized. However, due to the existence of brush and slip rings, the reliability is reduced. To address this issue, a brushless design is proposed with radial/axial combined three-dimensional magnetic circuit [17] , in which a toroidal field coil is placed in the middle part of a segmented stator, thus producing an axial field excitation to interact with rotating PM excitation. In addition, a consequent-pole rotor is used to provide a relatively small reluctance for the field excitation. This design realizes a brushless feature but suffers from a complicated stator structure, severe leakage flux and, thus, sacrificed torque density. Another design to eliminate the brush is to construct a magnetic shunting rotor. In [18, 19] , the rotor part is artificially extended in the axial direction to create a shunt path for the PM source and to house the DC source. Due to the increase of axial length, this structure also leads to reduced torque density. Meanwhile, the fabrication difficulty and cost burden for a magnetic shunting rotor is also disadvantageous. In general, for rotor-PM-excited HEMs, the realization of the hybrid magnetic circuit is accompanied by either a brush introduction or radial/axial combined magnetic circuit, which results in increased fabrication difficulty and reduced torque density, hence limiting their practical applications.
For stator-PM-excited HEMs, there is no need of brush nor slip rings to regulate the field excitation. Therefore, a variety of hybrid designs have been developed based on different stator-PM-excited machine topologies, including the hybrid excitation doubly salient machine (HEDSM) [20, 21] , hybrid excitation flux switching machine (HEFSM) [22, 23] , and so on. However, the PM utilization factor in the stator-PM-excited machine is relatively lower than that in the rotor-PM-excited machine, and this drawback is inherited and even amplified in stator-PM-excited HEMs. To improve their torque density, various double-stator solutions are proposed [24, 25] , in which a separated excitation stator is embedded into the inner machine space to boost torque density. This complicated design makes the manufacturing cost quite high, which is not suitable for mass production.
The dual-PM-excited machine is a relatively new solution, which integrates consequent-pole PM sources at both stator and rotor to achieve enhanced torque density [26, 27] . In addition to benefiting from the controllability of stator PMs, brushless flux weakening operation can be also achieved. Therefore, the hybrid-excited dual-PM-excited machine is an advantageous solution for electrical vehicle propulsion. Due to the co-existence of dual PM sources, the design of the PM layout becomes relatively flexible, especially for the stator PM source. The existing literature usually adopts PMs alternately mounted on stator teeth to form a consequent-pole stator PM source [28] [29] [30] , which results in weak torque generation at the stator side due to its biased flux feature. In addition, the flux weakening mechanism based on controlling stator PMs creates a fundamental contradiction between the flux weakening range and demagnetization risk, especially considering the weak power contribution of the stator PM source.
This paper aims to present a novel dual-structure parallel hybrid excitation machine (DS-PHEM), aiming to provide a new solution for the field adjustment issue in surface-mounted PMSMs. Due to the parallel excitation, this machine integrates the merits of excellent field adjustment ability and zero demagnetization risk. Meanwhile, the machine structure is also simple and compact with high reliability since there are no brush or slip rings needed. In the following section, the machine configuration, some important design criteria for electromagnetic integration, and the operation principle of flux control will be discussed and verified by the finite-element method (FEM).
The Proposed DS-PHEM

Machine Structure
The structure of the proposed DS-PHEM is presented in Figure 1 . It adopts a double-rotor dual-structure construction, with PMs arranged on the inner rotor, and is mechanically connected with the outer salient-pole rotor by an end disc to form an integral rotor, thus realizing a torque boosting effect and power composition. A middle stator has 12 outer teeth, 24 inner teeth and a common yoke, and is sandwiched between these double rotors. Furthermore, to realize the flux regulation, DC field coils are introduced and identically wound on the stator outer teeth. By such an artificial configuration, two machine structures, a PMSM and a DC-excited doubly salient machine (DC-DSM), can be effectively integrated into a compact structure. Advantages of this design can be listed as:
1.
A brushless structure is achieved since DC field winding is located at the stationary body, which ensures simple DC field current regulation and high reliability. Two machine structures share a common stator yoke, which contributes to a decoupled and parallel magnetic circuit, thus, no demagnetization risk exists during DC field current regulation.
4.
The power of two machine structures can be flexibly designed and combined, which can provide a theoretically unlimited constant power range at both motor and generator modes.
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Electromagnetic Integration of Two Structures
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There are two sets of power windings in the proposed machine: one is wound on the stator outer teeth to interact with the stationary DC field excitation, while the other is wound on the stator inner teeth to interact with rotating PM excitation. Furthermore, to realize effective electromagnetic integration, these two sets of power windings should be cascaded together to construct an integrated power winding. Figure 2 shows the corresponding coil phasors and connections of two power windings. To realize this effective cascade connection, the following three conditions should be satisfied.
Firstly, flux linkage of these two sets of power windings should have the same polarity variation. More specifically, both inner and outer flux linkage should be bipolar and sinusoidal, otherwise, if a bipolar armature flux is cascaded with a unipolar one, rich winding harmonics will be produced and thus iron loss will be serious. In the proposed machine, the inner armature winding interacts with a rotating PM magnetic field, and thus PM flux has the inherent bipolar characteristic and is also relatively easy to be sinusoidal. However, as for the outer armature winding, the flux linkage of each coil is usually biased and unipolar due to the stationary feature of DC field excitation. Therefore, in the proposed machine, a symmetrical arrangement of the outer field coils and armature coils is adopted to Energies 2019, 12, 338 4 of 11 obtain a bipolar and sinusoidal outer flux linkage by using the effect of harmonic cancellation between complementary armature coils. In fact, distribution of outer power winding and DC field winding in the proposed design is similar to that in the existing variable flux reluctance machine [7] , in which its mechanism to achieve bipolar and sinusoidal flux linkage has also been well discussed.
There are two sets of power windings in the proposed machine: one is wound on the stator outer teeth to interact with the stationary DC field excitation, while the other is wound on the stator inner teeth to interact with rotating PM excitation. Furthermore, to realize effective electromagnetic integration, these two sets of power windings should be cascaded together to construct an integrated power winding. Figure 2 shows the corresponding coil phasors and connections of two power windings. To realize this effective cascade connection, the following three conditions should be satisfied. OW (3, 6, 9, 12) OW (2, 5, 8, 11) IW (3, 9, 15, 21) IW (5, 11, 17, 23) IW (1, 7, 13, 19) ( ) Secondly, flux linkage of inner and outer power windings must be kept in synchronous frequency. Therefore, the number of salient poles in the outer rotor should be equal to the PM pole-pair number of the inner rotor. In the proposed design, 10 rotor salient poles and 12 stator slots are adopted in the outer structure, while 10 pole-pair PMs and 24 stator slots are adopted in the inner structure.
Lastly, the phase angle of the two power windings should be the same or have 180 • electrical angle difference. Therefore, the relative mechanical position between double rotors should be designed to meet this requirement. In the proposed machine, the d-axis position of the inner PM rotor is in line with that of the outer salient pole rotor.
Once the effective electromagnetic integration is achieved based on above three conditions, the total flux linkage produced by the proposed DS-PHEM can be simply defined as:
where ϕ PMSM is the flux component produced by the PMSM and ϕ DC−DSM is the flux component produced by the DC-DSM. Each flux component can be derived as:
where D is the diameter of air gap circumference, L the stack length, T ph is the turn number of one phase, B n is the flux density of fundamental air gap harmonic, and k wn is winding factor. Further, the synthetic output voltage in DS-PHSM can be derived as:
It is obvious that the output voltage is also the linear sum of that in the two structures.
Operation Principle of Flux Control
Figure 3 presents a schematic view of the no-load flux distribution with different DC field currents. To simply explain the operation principle of the proposed DS-PHEM, saturation is neglected in this discussion. As shown in Figure 3a , when a positive DC field current is applied, the stator outer teeth will have the opposite polarities against those of PMs mounted on the inner rotor. Consequently, the no-load flux produced by both structures will gather together and overlap in the common stator yoke, and thus the synthetic flux linkage achieves the maximum rated value. Figure 3b shows the flux path distribution with zero field current; it is apparent that the inner PM rotor is the only active excitation source and the DC field coils make no contribution to flux generation. Hence, the synthetic flux linkage will decrease to half of the rated value. Further, as shown in Figure 3c , when DC field winding is supplied by a negative DC field current, the magnetization polarity of stator outer teeth becomes the same as the aligned PMs, and thus the PM flux is in series with the DC field flux, passing through both the stator inner and outer teeth. In this case, the synthetic flux linkage can be greatly weakened. As discussed above, continuously adjustable flux linkage can be acquired by applying random field current changes between the positive and negative rated value.
In this case, the synthetic flux linkage can be greatly weakened. As discussed above, continuously adjustable flux linkage can be acquired by applying random field current changes between the positive and negative rated value. It is obvious that the total flux distribution changes distinctly when the DC field current reverses its polarity, especially in the stator yoke part. However, it can be noticed that flux distribution in the stator outer teeth is not affected by the inner PMs, and similarly, DC field excitation also has little influence on the flux distribution in the stator inner teeth. Therefore, the flux linkage of two sets of power windings are decoupled and parallel. Due to this inherent feature, the proposed DS-PHEM essentially has a very wide range of flux adjustment, as well as no risk of PM demagnetization. 
Design Considerations
In the proposed DS-PHEM, dual structures are combined by inner-outer configuration. In this case, an important design consideration is to define the relative location arrangement of two structures. As shown in Figure 4 , the PMSM can be arranged at the inner side or outer side. However, considering the relatively poor excitation ability of DC field winding compared to that of PMs, it is recommended to arrange the PMSM at the inner side and the DC-DSM at the outer side, thus achieving a balanced power performance between the two structures. Meanwhile, since the two structures are connected by the common stator yoke, the power ratio of the two structures can be adjusted by tuning the diameter of the stator yoke, which influences both the power density and the flux regulation range. This will be evaluated in the following section. It is obvious that the total flux distribution changes distinctly when the DC field current reverses its polarity, especially in the stator yoke part. However, it can be noticed that flux distribution in the stator outer teeth is not affected by the inner PMs, and similarly, DC field excitation also has little influence on the flux distribution in the stator inner teeth. Therefore, the flux linkage of two sets of power windings are decoupled and parallel. Due to this inherent feature, the proposed DS-PHEM essentially has a very wide range of flux adjustment, as well as no risk of PM demagnetization.
In the proposed DS-PHEM, dual structures are combined by inner-outer configuration. In this case, an important design consideration is to define the relative location arrangement of two structures. As shown in Figure 4 , the PMSM can be arranged at the inner side or outer side. However, considering the relatively poor excitation ability of DC field winding compared to that of PMs, it is recommended to arrange the PMSM at the inner side and the DC-DSM at the outer side, thus achieving a balanced power performance between the two structures. Meanwhile, since the two structures are connected by the common stator yoke, the power ratio of the two structures can be adjusted by tuning the diameter of the stator yoke, which influences both the power density and the flux regulation range. This will be evaluated in the following section. 
Finite Element Analysis
Flux Distribution
To verify the feasibility of the proposed DS-PHEM, a finite element model was built with the design parameters listed in Table 1 . The major materials and specifications are also presented in Table  2 . Further, the electromagnetic performance of the proposed DS-PHEM was fully evaluated. Figure  5 shows the no-load flux distribution with different DC field currents. It is shown that the calculated flux distribution is in accordance with the previous analysis in Section 2. The flux density of the outer air gap and inner air gap is further calculated and plotted in Figure 6a , b, respectively. We can see that, with a bipolar field current applied, the flux density in the outer airgap shows a bidirectional and symmetrical variation, while that in the inner airgap almost keeps constant. This agrees with its decoupled and parallel characteristic as discussed previously. 
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Flux Linkage and Back EMF
As mentioned above, in the proposed DS-PHEM, two sets of power windings in dual structures are cascaded together to form a single set of output winding. Therefore, to clearly investigate the flux characteristic, the flux linkage of each power winding is calculated and plotted in Figure 7a . It can be seen, with a 5 A positive DC field current applied, the flux linkage in the DC-DSM has the same phase position and a similar amplitude compared to that in the PMSM. Figure 7b shows the synthesis flux linkage of cascaded power winding with different DC field currents. It can be seen that with a 6 A positive DC field current applied, the synthesis flux linkage almost doubles compared to that in the DC-DSM or the PMSM. When the DC field current reverses its polarity and a 6 A negative DC field Energies 2019, 12, 338 8 of 11 current is applied, the synthesis flux linkage almost decreases to zero. Therefore, an extremely wide field regulation range is achieved. The back-electromotive force (EMF) curve against different DC field currents is calculated and shown in Figure 8 . Again, a wide voltage regulation range is achieved.
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Energies 2019, 12, 338 of 10 Figure 10a presents the calculated steady torque with current density of 6 A/mm 2 . It can be seen the output torque can be easily regulated by applying different DC field currents and the torque ripple ratio is also acceptable. The torque-speed curve is calculated with the limit of constant DC bus voltage. As plotted in Figure 10b , in the low speed region, the DC field winding should be always be supplied by the maximum 6 A positive field current and this flux strengthening operation can boost the torque density. When the machine runs over 800 rpm, a flux weakening operation can be achieved by simply decreasing the DC field current. It is shown that when the DC field current decreases from positive 6 A to negative 6 A, the machine speed increases from 800 rpm to 3000 rpm, leading to a wide constant power range. It should be mentioned that the calculated constant power range is not infinite as expected and some factors, such as the armature reaction and saturation circumstance, account for this phenomenon. 
Conclusions
A new brushless DS-PHEM is proposed in this paper. This machine theoretically can achieve a 100% field-weakening operation and corresponding infinite constant power range. The fault-tolerant de-excitation can be also expected from this machine topology when a short circuit occurs. The machine configuration and operating principles are illuminated in detail, with emphasis on some design criteria for effective electromagnetic integration. By using finite element analysis, the overall electromagnetic performance of the proposed machine is fully evaluated, and relevant results show the proposed machine has a wide range of flux control and speed regulation. Therefore, this machine could be a potential alternative for electric vehicle propulsion.
